The nuclear gene encoding chloroplast glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from maize has been cloned and sequenced. The gene is G + C rich in its coding sequences and, in addition, contains a CpG-rich region surrounding the promoter. Further upstream several enhancer-like repetitions have been identified that may control the light-and phytochrome-mediated expression of this gene. The gene is interrupted by three introns. Introns 1 and 2 are located within the sequence encoding the transit peptide, dividing it into three parts, each containing one of the three major homology blocks typical for transit peptides of nucleusencoded chloroplast proteins. Intron 3 is located at codon 166 (glycine) at the same nucleotide position as intron 1 in the GAPDH gene from the nematode Caenorhabditis elegans, suggesting that this intron was present in the parental GAPDH gene from which these two modern descendants originated. Intron 3 divides the GAPDH protein into its two constituent domains, the NAD-binding and the catalytic domain, immediately after helix al at a position homologous to that of intron 9 in the gene for maize alcohol dehydrogenase, thereby confirming the prediction of Branden et al. on the basis of gene-protein structure correlations in maize alcohol dehydrogenase for the placement of introns in the GAPDH gene [Branden, C.-I., Eklund, H., Cambillau, C. & Pryor, A. J. (1984) EMBO J. 3, 1307-13101. These results suggest that intron 3 is an archetypical relic of early GAPDH and alcohol dehydrogenase evolution, whereas introns 1 and 2 were implicated in the evolution of chloroplast transit peptides.
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Introns have existed in the genomes of eukaryotes for at least one billion years (1, 2), but were they also present in genes before the divergence of prokaryotes and eukaryotes? Structural information from nuclear genes of higher and lower eukaryotes (for reviews see refs. 1, 3, and 4) indicates that there are two major mechanisms responsible for the differences observed in number and position of introns between homologous genes of separate species: (i) selective loss of preexisting introns rather than selective addition of new ones and (ii) intron sliding. This is in agreement with the suggestion that introns were present in the most primitive genes, where they accelerated the evolution of new functions by enhancing the combination of exons encoding small stably folding polypeptides to yield mosaic (sub-)genes encoding functional domains. These domains could then again be "shuffled" to form genes encoding the basic enzymes of primary metabolism found in all cells (3, (5) (6) (7) . Whereas exon shuffling has been demonstrated in the evolution of the genes for the serine proteases (8) and the low density lipoprotein receptor (9) , only proteins belonging to the most ancient metabolic pathways, such as glycolysis or photosynthesis, are likely to be encoded by genes old enough to provide evidence of exon shuffling in the primordial assembly of structures conserved in the proteins of extant species.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of higher plants is involved in glycolysis [NAD-dependent; Dglyceraldehyde-3-phosphate:NAD + oxidoreductase (phosphorylating); EC 1.2.1.12] and photosynthesis [NADP-dependent; D-glyceraldehyde-3-phosphate:NADP+ oxidoreductase (phosphorylating); EC 1.2.1.13]. The photosynthetic GAPDH of the chloroplast shares more amino acid homology with the GAPDHs of thermophilic eubacteria than it does with the cytosolic enzyme encoded within the same nucleus (10) (11) (12) , suggesting that the gene for chloroplast GAPDH is of prokaryotic origin and that its present nuclear location reflects a gene transfer from the endosymbiotic plastid ancestor into the nucleus of a primitive eukaryotic "host." Since the genes of present day bacteria as a rule do not contain introns (any more), a "fossil prokaryotic gene" encoding chloroplast GAPDH in the nucleus of higher plants represents an interesting test system for the hypothesis that introns existed before the divergence of prokaryotes and eukaryotes.
Here we discuss the nucleotide sequence and intron-exon structure of the gene for chloroplast GAPDH from Zea mays. The gene contains three introns. Introns 1 and 2 are located in the region of the gene encoding the N-terminal transit peptide; the third intron is located at codon 166 at the same nucleotide position as intron 1 in the GAPDH gene from the nematode Caenorhabditis elegans (13 Cloning of the Maize Chloroplast GAPDH Gene. Preparation of the plant DNA and cloning of the Mbo I partial digestions thereof into the EMBL4 vector were carried out as described by Schwarz-Sommer et al. (14) . Recombinant clones containing the chloroplast GAPDH gene were identified by plaque hybridization, by using the nick-translated 1.4-kilobase (kb) EcoRI fragment of pZm57 (12) . To obtain genomic clones specifically corresponding to cDNA pZm57, a 150-base-pair (bp) EcoRI-Hae III fragment from the 3'-untranslated region of pZm57 was labeled and used to screen positive recombinants during rounds of purification. EcoRI fragments from positive genomic clones were subcloned into pBR322. (15) .
Since cDNA clone pZm57 (12) does not encode a fulllength transit peptide, additional cDNA clones extending farther in the 5' direction were identified. The 5' end of the longest clone maps to Met-5, the second methionine of the transit peptide. The remaining four amino acids of the transit peptide were deduced from the genomic sequence (see Fig.  2A and below).
At 62 bp upstream from the initiation codon a putative "TATA box" (TATATA) can be found, and 121 bp further upstream, at position -183, the 13-mer CAGCCATTCG-TCG is present that shows 11 of 13 matches to a sequence corresponding to the "CAAT box" of the chicken GAPDH gene (16) . The sequence surrounding the start codon GGC-CAUGGC conforms well to the consensus sequence AA-CAAUGGC determined for translation initiation in plants (17) . Within 60 bp on the 5' side of the putative CAAT box GGGC is repeated five times. Between base positions -1485 and -1347 the 24-base sequence AAGTCCCCGTGGTGT-TTTTTCGAT is repeated twice. Its central GTGGTGTTT-TTT is similar to the enhancer-like GTGG(T/A)(T/A)(T/A) (T/A/G) sequences that have been noted for possible roles in the expression of the 35S promoter of cauliflower mosaic virus, of chalcone synthase, the pea small subunit of ribulose bisphosphate carboxylase (SSU) gene family, and of the genes for barley aleurain and a-amylase (reviewed in ref. 18) , for sucrose synthase (19) , and for the Al-locus enzyme from maize (14) . (12) . Similar distributions in G + C content have been noted (12) for other maize genes. For the maize chloroplast GAPDH gene, the G + C content is also high in the region surrounding the promoter (60%, Table 1 ) with three interruptions representing the introns. Since maize DNA is highly methylated (2), our work (ref. 12 and the present results) raises the interesting questions of whether or not the biased maize genes, rich in G+ C and hence CpG, are protected against methylation and its effects on the gene activity and mutation rate, as has been demonstrated for the CpG-rich islands of active vertebrate genes (reviewed in ref. 21 ).
Intron-Mediated Evolution of the Chloroplast GAPDH Transit Peptide. The mature catalytic subunit of mustard chloroplast GAPDH starts with Met-0, corresponding to lytional domains (reviewed in ref. 25) , and a common amino sine in the maize enzyme (Fig. 2B and ref. 12) . The four Nacid framework of three major homology blocks has been terminal residues Met-Ala-Ser-Ser of the chloroplast GAPDH identified by Karlin-Neumann and Tobin (22) . As shown in precursor (20) from maize precisely match the N-terminal Fig. 2A , homology blocks I, II, and III are well conserved in consensus sequence determined for the transit peptides of the maize chloroplast GAPDH precursor transit peptide es-SSU ( Fig. 2A and see below) . The transit peptide of maize pecially when compared to the SSU consensus sequences.
chloroplast GAPDH precursor defined by these criteria A common amino acid framework in chloroplast transit contains 66 amino acids and has a calculated molecular mass peptides poses interesting evolutionary problems. Fig. 3 and the corresponding amino acid sequences in Fig. 2B . The position of intron 2 in the nematode GAPDH gene is identical to that of intron 11 in the chicken gene, as reported (13) . It interrupts the coding sequence within the triplet for the conserved residue Trp-310 and separates the terminal helix a3 (residues 312-332 in Fig. 2B ; box a' in Fig. 3 ) from the rest of the catalytic domain. Intron 3 of the chloroplast GAPDH gene is located between the first and second base of the triplet for the conserved Gly-166, separating helix al (residues 148-165 in Fig. 2B ; box a in Fig. 3 ) and strand (1 (residues 169-177 in Fig. 2B ) of the catalytic domain (for details of the folding pattern see refs. 23 and 24). Its base position in maize coincides precisely with that of intron 1 of the nematode GAPDH gene (see Figs. 2B, 3C, and 4 and ref. 13) , suggesting that it was also present in the parental GAPDH gene from which these two modern descendants originated. The two introns are 119 (maize) and 52 (nematode) bases long. They are both relatively A + T-rich and share a certain sequence similarity at their 5' ends (17 of 22 matches, see Fig. 4 ). The fact that intron 7 in the chicken gene does not fall within Gly-166 but is located six codons further downstream (Fig.  3A) may be due to intron sliding (27) .
1.GKIKIGINGFG1UGRLVARVALQSEDV---ELVAVNDPFITTDYMYMFKYDTVHGHWKHSDITLKDSKTLL--FGDK---PVTVFGIRNPEEIPWGEAGAEYVESTGVFTDKDKAAAHLK
Extensive intron conservation between plants and animals has been described by Marchionni and Gilbert (2) for the triosephosphate isomerase gene, where five introns were found at identical positions. Yet in this report, the glycolytic triosephosphate isomerase from maize was compared to its counterpart from chicken. Although a chloroplast-specific, photosynthetic triosephosphate isomerase exists (32), neither cDNA nor genomic sequences for this enzyme have yet been described. In contrast, the present contribution permits the comparison of gene structures for a photosynthetic enzyme and its glycolytic homologues (32) . Nematode GAPDH and maize chloroplast GAPDH have only 46% of amino acid sequence identity, whereas the glycolytic GAPDHs from these species are 67% conserved (Fig. 2B) .
These values convert, by using the methods described (11, 12) , to divergence times of 2.2 billion years, corresponding to the separation of GAPDH genes into the prokaryotic and eukaryotic subfamilies (10, 12) , and to -1 billion years corresponding to the plant-animal division (1, 2) . Hence, the age of 2 billion years for intron 3 of chloroplast GAPDH is about twice that of the most ancient intron reported (1, 2) and compares intriguingly with the appearance of the earliest eukaryotic cells some 1.5 billion years ago.
Is Intron 3 in the Gene for Chloroplast GAPDH Homolo- Proc. Natl. Acad. Sci. USA 85 (1988) (see linear arrangements of GAPDH domains in Fig. 3) . On the basis of these crystallographic findings, it was suggested (33) that the early assembly of the genes for NAD-dependent dehydrogenases occurred through the separate fusions of a region encoding a nucleotide-binding domain onto various unrelated genic regions encoding polypeptides conferring substrate specificity (the catalytic domains). If introns facilitated such recombination events (3, (5) (6) (7) , then some introns that bound the nucleotide-binding domain and its subdomains might have been conserved. GAPDH and ADH provide a stringent test for this hypothesis because the nucleotidebinding domains are situated in different positions in the two proteins, in the N-terminal region in GAPDH and inserted in the catalytic domain in ADH (Fig. 3) , this latter arrangement being also present in PGK (34) .
Correlations between exon-intron junctions and the structural arrangement of the nucleotide-binding domain have been reported for chicken GAPDH (30) , maize ADH (31), and human PGK (35) . In each case it was shown that introns occur at the junction between the AMP and NMN subdomains (introns 4 and 7 for GAPDH and ADH, see These gene-protein structure correlations between various nucleotide-binding proteins can now be extended for GAPDH and ADH to the helix element connecting in both enzymes the NMN subdomain with the catalytic domain (helix al for GAPDH, corresponding to residues 148-165 in Fig. 2B ; residues 324-338 in ADH, see ref. 31 ; box a for GAPDH and ADH in Fig. 3 ). The junction between this helix and the catalytic domain coincides with intron 9 in the ADH gene (codon 338, see Fig. 3D ), which led Brand~n et al. (31) to suggest that introns may be found at corresponding positions in the genes for GAPDH (codon 165) and lactate dehydrogenase (codon 180). The present results confirm this prediction for GAPDH. They show that intron 3 in the maize gene [represented by intron 1 in C. elegans (13) ] is located one nucleotide away from the predicted site. This striking experimental verification of the prediction of Branden et al. (31) , unrecognized by Yarbrough et al. (13) in their paper on the nematode GAPDH gene, provides further support for the proposed evolution of nucleotide-binding proteins (33) and the suggested role of introns (exon shuffling) in this early constructional pathway (31, 35) . The absence of amino acid homology between the NAD-binding domains of GAPDH and ADH, although of common ancestry, places their time of divergence long before that of the GAPDH dichotomy (see above and refs. 10-12), possibly dating their most recent common progenitor and hence the appearance of their homologous introns in the early period of molecular evolution, perhaps >3 billion years ago (36) . While the gene-protein structure correlations found for various nucleotide-binding proteins agree with the hypothesis that most introns are relics of primordial genes, the GAPDHs from maize chloroplast and nematode present convincing proof of an identical intron position in two genes displaying a sequence divergence corresponding to the prokaryote-eukaryote separation. Indeed, precisely such a comparison has been suggested (37) as an experimental test for the early intron hypothesis. According to this hypothesis the nuclear genes encoding the GAPDHs from C. elegans and plant chloroplasts have lost most of their introns-e.g., 9 and 10 introns, respectively, if compared to the chicken gene (16, 30) . It is intriguing that this apparent massive loss of introns along two separate evolutionary pathways led to the conservation of an identical intron in both modem descendants. Rather than coincidence, this may be the result of a genespecific selective pressure distinguishing between more and less important introns. Finally, the present discovery of introns within the transit peptide region indicates the possibility that not all introns are necessarily relics of primordial genes. Under the conditions of transit peptide evolution, where the appropriate spacing of certain topogenic signals appears more important than stringent amino acid sequence conservation, a spontaneous mutational origin of introns seems even conceivable.
